Improved oxidation of aromatic and aliphatic hydrocarbons using rate enhancing variants of P450Bm3 in combination with decoy molecules Samuel Enzyme performance can be improved using decoy molecules or engineered variants to accelerate the activity without affecting selectivity. Here we combine a rate accelerator variant of cytochrome P450Bm3 with decoy molecules to enhance the oxidation activity of a range of small organic molecules. This combined approach offers superior biocatalytic efficiency without modifying the product distribution.
Cytochrome P450s (CYPs) are heme-dependent enzymes that catalyse the oxidation of a broad array of organic substrates, allowing them to perform physiological roles as varied as steroid hormone and antibiotic synthesis and the breakdown of xenobiotics. [1] [2] [3] The signature reaction of CYP enzymes is the insertion of a single oxygen atom from molecular dioxygen into a carbon-hydrogen bond to give the corresponding alcohol. 4 The direct hydroxylation of organic compounds by chemical methods is energy-intensive, often non-selective and leads to the formation of side products and toxic wastes. CYP-mediated oxidation reactions have the potential to provide efficient biocatalytic routes to alcohols by C-H activation, which is not feasible using classical organic synthetic methods. [5] [6] [7] [8] CYP102A1 (P450Bm3) from Bacillus megaterium is a soluble 119.5 kDa enzyme in which the P450 heme domain is fused to a reductase domain. 6 This catalytically self-sufficient enzyme requires only NADPH and oxygen to function, and hydroxylates mediumchain length (C 11 -C 18 ) fatty acids at sub-terminal positions.
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CYP102A1 and other CYP102 family enzymes exhibit the highest turnover frequency (> 1000 min −1 ) of any CYP enzyme and this overcomes one of the major hurdles to the use of these enzymes in synthesis. 6, 10 Wild-type P450Bm3 (WT) turns over most unnatural substrates at desultory rates but it is a versatile platform for designing biocatalysts via protein engineering. 5, 6, [11] [12] [13] [14] [15] It has been shown that chemically inert perfluorocarboxylic acids (PFCs) can act as decoy molecules and greatly promote the oxidation of unnatural substrates such as benzenes and short chain alkanes. The inert decoy fills part of the P450Bm3 active site and constrains potential substrates to bind closer to the heme than they would without an added PFC, leading to increased activity. [15] [16] [17] The structure of a decoy molecule bound WT (PDB 3WSP) showed that the PFC filled the substrate channel but its shorter chain length left a significant amount of space close to the heme to bind another molecule (see ESI). 18 Enzyme-substrate interactions in the vicinity of the heme remain important in the catalytic activity.
An earlier directed evolution study identified P450Bm3 variants with enhanced activity for unnatural substrate oxidation but which maintained the product selectivity of the WT. 10, [19] [20] [21] The crystal structure of the substrate-free form of the KT2 variant (A191T/N239H/I259V/A276T/L353I; PDB 3PSX) showed that it had the same conformation of the I helix around the critical oxygenbinding groove as fatty acid-bound WT. 21 The heme axial water interaction was weakened because the hydrogen bond between this water and the carbonyl of Ala264 was broken. This should promote substrate binding close to the heme. Kinetic studies also showed that the rate of the first electron transfer step for substrate-free KT2 was comparable to that of palmitic acid-bound WT. Therefore, KT2 has a catalytically ready conformation, such that substrate-induced changes to the structure play a less significant role in promoting the electron transfer steps (see ESI). 21 Since the mechanisms by which decoy molecules and the KT2 variant showed enhanced unnatural substrate activity are different we explored whether these mechanisms would work in concert to facilitate the oxidation of smaller organic molecules such as benzene and cyclohexane by P450Bm3. We initially investigated the activity of WT P450Bm3 and the KT2 variant with and without added PFC8, PFC9 and PFC10. 18, 22 As reported previously the addition of these PFCs improved the activity of the turnovers of WT P450Bm3 with cyclohexane and benzene. 22 These turnovers yielded phenol and cyclohexanol as the sole products. Both were identified by co-elution experiments with standards using GC-MS ( Fig. 1 and Fig. S1 ). PFC10 itself induced the highest activity of NADPH oxidation in WT P450Bm3 followed by PFC9 and then PFC8 (Table 1 and ESI). This trend in NADPH oxidation activity was followed for the different PFC molecules. Addition of PFC9 increased the coupling efficiency with WT to a greater extent than PFC10 for both substrates (Table 1 and Fig. 1 ). 22 Overall the combined effects of increased activity and coupling resulted in the largest improvements in the product formation rate for PFC9 and PFC10 over PFC8 ( Table 1 ). The maximal augmentation of the activity upon addition of a decoy molecule was 170-fold for cyclohexane and 225-fold for benzene.
In the absence of added PFCs the KT2 variant showed increased NADPH oxidation activity, coupling efficiency and hence the product formation rate over the WT with both benzene and cyclohexane, in line with what has been reported previously with other substrates (Table 1 and Fig. 1) . 10, 21 Benzene oxidation was 12-fold faster and a 100-fold increase was observed for cyclohexane. However, the activities were lower than the best WT/PFC combinations ( Table 1) . Addition of the PFC decoy molecules to KT2 engendered further enhancement of the oxidation of benzene and cyclohexane. The activity was higher than with the WT in all cases. The trends in the catalytic parameters of the different PFCs with KT2 mirrored those obtained with the WT (Table 1) . As a consequence the product formation rate of KT2 with PFC9 and PFC10 are similar and both are greater than when PFC8 is used. KT2 and PFC10 was the most active combination for benzene oxidation, with a product formation rate of 74 min −1 . The gain in activity with cyclohexane was even greater, with the product formation rate being 484 min −1 and 483 min
with the KT2/PFC10 and KT2/PFC9 combinations. This was four-fold higher than the best WT pairing (PFC9, Table 1 and Fig. 1 ).
Encouraged by these results we assessed if the decoy molecule/ rate enhancement mutant combinations would work for substituted benzenes. The oxidation of toluene and anisole by P450Bm3 have been reported to be highly selective (>90%) for the ortho-hydroxylated product. [21] [22] [23] The turnovers of toluene generated p-cresol with benzyl alcohol as a minor product (<9% total product) while 4-methoxyphenol (<10%) is the sole minor product identified for anisole oxidation. 22, 23 The biocatalytic oxidation of xylenes by P450Bm3 has also been reported. The turnover of p-xylene is documented to generate only 2,5-dimethylphenol 24 and m-xylene oxidation produced 2,4-dimethylphenol (87%), 2,6-dimethylphenol (11%) and 3-methylbenzylalcohol (2%). 25 The P450Bm3 catalysed oxidation of oxylene was more complex, yielding five products. The major product is 2-methylbenzyl alcohol (47%) with 2,3-and 3,4-dimethylphenol being generated as two of the minor products, 27% and 10%, respectively. The other two minor metabolites arise from a methyl shift resulting in formation of 2,6-dimethylphenol (8%) and the dearomatisation product, 6,6-dimethylcyclohexa-2,4-dienone (8%, Scheme 1). 25 The analysis of the turnovers of these larger substrates with the PFCs and KT2 would be a more stringent test to assess if these mutant and decoy molecule combinations would alter the product distribution as well as heighten the activity.
All five substrates were tested with WT and KT2 P450Bm3 with PFC8 through to PFC10. Despite the larger size of these substituted benzenes, a similar pattern of activity enhancement was observed with the decoy molecules. The turnovers containing PFC10 showed the highest activity of NADPH oxidation and those with PFC9 were the more efficiently coupled. In certain instances, e.g. with toluene, the faster rates of NADPH oxidation with PFC10 resulted in higher product formation rates while in others the higher coupling obtained with PFC9 resulted in the maximum activity, e.g. p-xylene with KT2/PFC9 ( Table 2 ). In all cases the greatest product formation rates were obtained with KT2/PFC9 or KT2/PFC10.
The oxidation of both toluene and anisole was faster than that of benzene for all the enzyme/decoy molecule combinations tested. The maximum enhancements in the rate of product formation, over WT P450Bm3, were approximately 900-fold for toluene and 40-fold for anisole (Table 2 and Table S2 ). The larger gain with toluene predominantly arose from a more significant increase in the coupling efficiency when compared to the anisole turnovers. Fig. 1 GC-MS analysis of the turnovers of (a) benzene and (b) cyclohexane using the WT (i) and KT2 (ii) variants of P450Bm3 with and without the decoy molecule PFC9. In black is the turnover in the absence of the decoy molecule and in red the turnover in the presence of the decoy molecule. In (b) (ii) the turnover of cyclohexane with KT2 with PFC9 has been offset slightly along the x-axis for clarity. The integrations of these peaks and the internal standard are given in Table S1 . Please do not adjust margins
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The best KT2/PFC combinations resulted in product formation rates which were almost double that of the WT/PFC pairings. The oxidation of toluene and anisole resulted in the generation of ocresol (94-95%) and o-methoxyphenol (88-92%), respectively (Fig.  S2, S3 and Table S3 ). Benzyl alcohol and p-cresol from toluene and 4-methoxyphenol from anisole were minor metabolites in these turnovers. The product distributions were virtually unchanged when compared to the WT enzyme (Scheme 1, Fig. S2 , Table S3 ).
Xylene oxidation was enhanced using the PFC decoys with KT2. The maximum activity enhancements over the WT were; p-xylene, 45-fold; m-xylene, 430-fold; o-xylene, 575-fold (Table 2 and Fig, S4) . The product formation rates were higher than those achieved with toluene. The product distributions across all the turnovers were comparable to those reported for the WT and the KT2 variant (Scheme 1, Fig. S2 and S3, Table S3 ). For example, the ratios of the five products formed by the WT enzyme and o-xylene, including those arising from a shift in a methyl group, are similar to those obtained with the KT2/PFC10 combination, which has the highest activity ( Fig. 2 and Table S3 ).
One point of difference to the previously reported data for pxylene was that three products were observed in the GC-MS analysis of all the turnovers including those of the WT enzyme (Fig.  2, Fig. S5 and Table S3 ). 24 These corresponded to 4-methylbenzyl alcohol (0-6%), 2,4-and 2,5-dimethylphenol (15-17% and 77-85%, respectively). The 2,4-dimethylphenol product must arise via the NIH shift of a methyl group an activity that is also observed with oxylene (Scheme S1). 25 The rate enhancement for KT2/PFC combinations over the WT/PFC counterparts arose mainly from increased NADPH oxidation activity rather than enhanced coupling (Tables 1 & 2 ). In addition, the regioselectivity was unchanged when PFCs were added to the WT or KT2. These observations are consistent with the catalytically ready structure of the KT2 variant, pre-disposing it to electron transfer, with little effect on substrate binding orientation and product selectivity. The PFC decoys, on the other hand, fill part of the active site and constrain the substrate to bind closer to the heme. This is a determining factor for enhanced coupling but the PFC does not interfere with substrate binding close to the heme Fig. 2 GC-MS analysis of the turnovers of (a) o-xylene using (i) WT P450Bm3 and (ii) KT2 and PFC10, the products are labelled; 2-methylbenzylalcohol (2-MBA), 2,3-dimethylphenol (2,3), 3,4-dimethylphenol (3,4), 2,6-dimethylphenol (2,6), and 6,6-dimethylcyclohexa-2,4-dienone (6,6).(b) (i) p-xylene using the KT2 and PFC8, the products are labelled 2,5-dimethylphenol (2,5), 2,4-dimethylphenol (2,4) and 4-methylbenzyl alcohol (4-MBA) Impurities are labelled *. which determines the regioselectivity. For substituted benzenes the phenol product formed is dependent on the carbocation stability during NIH shift rearrangement of the arene oxide intermediates rather than the proximity of arene C-H bonds to the ferryl oxygen.
In conclusion we have shown that the combination of a rate accelerating mutant and a decoy molecule is a simple and efficient method to improve the activity of P450Bm3 without altering the product distribution. The improvements were greatest for cyclohexane and the KT2/PFC decoy molecule combinations seem to be well suited for the oxidation of smaller alkanes. This approach provides additional evidence for multiple binding sites in P450Bm3 26 and could be used to drive substrate oxidation by CYP enzymes at high activities and improved product yields. This would enable the generation of the levels of product required in synthetic chemistry applications for reactions which show promising regioand stereoselectivity with WT or mutant forms of the enzyme.
